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Abstract 
A method of using the ultrasonic waves for measuring the contact states between the workpieces and the die during stamping 
has been developed. Ultrasonic waves are reflected by air, so the contact states between the workpieces and the die can be 
examined by measuring the height of ultrasonic waves. However, it is not clear how the ultrasonic waves propagate around the 
workpieces and the dies. Therefore, the authors analyzed the propagation behavior of ultrasonic waves on the boundary surfaces 
of the workpiece and the die using numerical analysis. To examine the acoustic field in the die and the workpiece, the elastic 
wave equations were solved by finite-difference time-domain method. The results shows that reflected/transmitted waveforms 
are affected by workpiece properties. The reflected waves are most affected by the properties of the workpiece. 
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1. Introduction 
The increased mass production of precise mechanical parts has led to the development of various net-shape 
forming methods. However, it is widely known that during stamping small gaps exist between the die and the 
workpiece. These gaps are mainly caused by the positioning accuracy of the workpiece and the die and by the 
elastic deformation of the die and press slide. To achieve net-shape forming, the die shape must be copied to the 
workpiece precisely, which may require the motion of the servo press to be adjusted to compensate for any gaps. 
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Thus, it is necessary to develop methods for measuring the contact states between the workpiece and the die. The 
pressure between the tool and the workpiece could be measured using ultrasonic waves (Masuko and Ito, 1968).
The contact area contact area between the mirror surface and regular surface can estimate by the reflected wave 
(Takeuchi et al., 1999). Additionally, an ultrasonic method has been used to measure contact status between the 
bearing and the bearing housing (Takeuchi et al., 2003). In previous experimental studies (Hagino et al., 2010, 
2011, 2012), the authors presented measuring methods for contact states between the workpiece and the die during 
stamping using ultrasonic waves. The reflected/transmitted wave height ratios can be used to measure contact states 
between the workpieces and the dies, with the reflected/transmitted wave height ratios affected by the material 
properties of the workpiece. However, it is not clear how the ultrasonic waves propagate around the workpieces 
and the dies. Therefore, we analyzed the propagation behavior of the ultrasonic waves on the boundary surfaces of 
the workpieces and the dies using numerical analysis. The numerical analysis in this study uses finite-difference 
time-domain method and is based on elastic wave propagation theory.  
 
Nomenclature 
A wave amplitude ratio   
E longitudinal elastic modulus  
h  workpiece thickness 
T stress 
t  time 
u  particle velocity of x-direction 
w  particle velocity of z-direction 
Q Poisson ratio 
Z acoustic impedance 
U  density 
ǻt time step of the finite-difference time-domain method 
ǻx, ǻz spatial lattice interval 
W hydrostatic stress ratio 
2. Theoretical analysis 
When the sound fields in the y direction are uniform, the fundamental equations for elastic waves in a solid 
material are expressed by Eqs. (1) and (2) (Sato, 2003).  Eqs. (1) and (2) describe Hook’s law and particle motion. 
Materials used in this numerical analysis have isotropic elasticity, i.e.; c11 = c33 and c55 = (c11- c13) / 2. Txx and Tzz 
are normal stress, Txz is shear stress. 
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To examine the acoustic field in the die and the workpiece, the elastic wave equations are solved by the finite-
difference time-domain method (Sato, 2003).  This method can analyse the reflected /transmitted waves 
simultaneously. The difference equations of the elastic waves are expressed as follows, 
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where, n is the time index and, i and k are the x and z direction spatial index. The stresses and particle velocities 
are calculated alternately in the time domain. 
 
 
 
 
 
 
 
 
 
 
          
Fig.1.  (a) Analysis model for propagation of elastic waves around the boundary surfaces for workpieces and dies, and (b) input Gaussian pulse. 
Fig. 1 (a) shows a calculation model to examine the acoustic field using the finite-difference time-domain 
method. The workpiece is set on z = 20 mm. The workpiece and dies are assumed to have a continuous contact 
surface, and only the properties of the materials are different. The left side of calculation model shows the 
symmetrical boundary, the others are free boundaries. A sound source is attached at bottom left corner and 
activated using the Gaussian pulse shown in Fig. 2. The frequency of the incident wave is 5 MHz. Table 1 shows 
the various materials of the workpiece and die used in our analysis. All materials are isotropic in this analysis. The 
time step of the finite-difference time-domain method ǻt) is 10ns, and the spatial lattice interval is ǻx = ǻz = 10 
nm. 
Table 1. Material used in the numerical analysis for the acoustic field around workpieces and dies. 
Material Longitudinal elastic 
modulus E [GPa] 
Density U[kg/m3] Poisson ratio Q Acoustic impedance Z 
[×106 kg/(m2s)] 
Steel ˄Die, S50C㸧 206 7850 0.29 46.4 
Stainless steel( SUS304-JIS) 197 7910 0.3 45.9 
Aluminum ( A5052-JIS) 70 2960 0.33 17.5 
Copper ( C1100-JIS) 130 8890 0.34 42.2 
3. Results and discussions  
The resulting distributions of hydrostatic stress are shown in Fig. 2 as colour contours. In Fig. 2, the hydrostatic 
stresses calculated from (Txx+Tzz)/2, and the hydrostatic stress ratios are normalized by the maximum amplitude of 
the incident wave at t = 3.8 ȝV In this case, the workpiece thickness is 0.5 mm and the material is aluminium 
(A5052-JIS). The incident waves form an arc shape around x = 5.0 mm. And then, the elastic waves propagate not 
only the vertical direction of the sound source but also in the horizontal region of x > 5 mm. The reflected waves 
and transmitted waves have arc shapes similar to that of incident waves. 
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Fig. 2. Distribution of hydrostatic stress ratio: (a) t = 1.2 ȝs, (b) t = 3.8 ȝs, and (b) t = 5.0 ȝs.                                                      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3. Propagation of elastic waves around boundary surfaces and dies at x = 0.0mm (material is aluminum, workpiece thickness of h = 0.5mm). 
Fig. 3 shows the propagation of elastic waves around boundary surfaces and dies at x = 0.0 mm. An elastic 
wave is transmitted from the left side in this figure. On the boundary surface (B.S.) 1 and 2, a wave is either 
reflected or transmitted. Reflected/transmitted waves propagate in the opposite directions. The amplitude of the 
waves change as they go through the workpiece. A transmitted wave has greater amplitude than a reflected wave.   
The effect of workpiece material on different waveforms is shown in Fig. 4(a). The transmitted waves shift a little 
in the x direction according to the workpiece. This is because the speed of sound in the workpiece is different 
depending on the material. The wave lengths are almost constant at the leading edge of the transmitted waves.  
However, the wavelengths at the trailing edge of the transmitted waves change. The elastic wave in the workpiece 
is reflected at B.S.2, and is reflected again at B.S.1. On every reflection at a boundary surface, the elastic wave is 
divided again into reflected and transmitted waves. These waves will be convolved with each other and will affect 
the transmitted waveforms. The reflected wave amplitude of the aluminum is larger than that of the other materials. 
Therefore, we examined the effect of the workpiece material on wave amplitude (See Fig. 4(b)). The formulas for 
calculating the reflected wave amplitude ratio AR and the transmitted wave height ratio AT are 
 AR = aR / a0 ,               (8) 
 AT = aT / a0 ,               (9) 
where aR and aT are the reflected/transmitted wave amplitude with the workpiece mounted at t = 5.0 ȝs. a0 is 
the incident wave amplitude at t = 3.8 ȝs. These correspond to the sound pressure reflectance and the sound 
pressure transmittance. 
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Fig. 4. Effect of the workpiece material on the reflection and transmission characteristics at t = 5.0 Ps, (a) waveforms, and (b) amplitude ratio. 
The figure tells such facts; 1) the amplitude ratio AT increases when AR decreases, and 2) the amplitude ratio of 
reflected/transmitted waves are affected by the particular workpiece’s acoustic impedance. The influence of the 
workpiece material appears principally on the reflected waves. When the sound impedance of the workpiece is 
approximately equal to that of the die, the elastic wave passes almost unaffected the workpiece. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5. (a) Experimental apparatus and (b) effect of workpiece materials on reflected/transmitted wave height 
The experimental results are shown in Fig. 5 (Hagino et al, 2012). In this figure, ER and ET are the reflected/ 
transmitted wave height ratio based on measurements by the ultrasonic flaw detector. This trend was similar to that 
seen in the theoretical results, but the differences between the transmitted wave height ratios in Fig. 5(b) are larger 
than the theoretical results. The transmitted wave height ratio for these purposes is calculated on the assumption 
that the workpiece is in an un-mounted condition under maximum load (Hagino et al, 2010), which we believe is 
the cause of the difference between the theoretical and experimental results. Thus, the reflected/ transmitted waves 
are shown to be affected by the workpiece material. 
Fig. 6(a) shows the different waveforms by the workpiece thickness. In this case, the workpiece material is 
aluminum (A5052-JIS). At first, the elastic wave is transmitted from the die side of B.S.1. When the wave 
transmits from a medium with large acoustic impedance to a medium with a small one, the reflected wave at the 
boundary has the opposite phase of the incident wave (Masuko and Ito, 1968). In our results, the reflected wave on 
B.S.1 has the opposite phase of the incident wave from the sound source, as expected. On the other hand, the 
transmitted waves have the same phase of the incident wave. The elastic waves are reflected many times between 
B.S.1 and B.S.2. At every reflection, the elastic wave is divided into reflected/transmitted waves. The synthetic 
waves of these waves are observed as the summation of the reflected/transmitted waves. As the workpiece 
becomes thicker, the distance through which the elastic waves pass gets longer. This influence appears in the shape 
of the reflected/transmitted waves. The reflected waves are more influenced by the thickness of the workpiece than 
the transmitted waves. There are minor changes to the transmitted wave form. It is possible that the difference 
between the reflected waveforms is due to the phase change at reflection. Fig. 6(b) shows that effect of workpiece 
thickness on the wave amplitude. These result shows that the reflected/transmitted waves are affected by the 
workpiece thickness. 
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Fig. 6. Effect of workpiece thickness on reflection/transmission characteristics at t = 5.0Ps, using aluminum: (a) waveform and (b) amplitude. 
 
 
 
 
 
 
 
 
     
Fig. 7. Effect of workpiece thickness using stainless steel (a) numerical analysis result (b) experimental results (Hagino et al., 2012). 
Fig. 7 shows that the effect of workpiece thickness using stainless steel. Theoretically, the amplitude ratios are 
observed to be affected by the workpiece thickness, even if the workpiece materials are different. As shown in our 
experimental results in Fig. 7(b), the reflected/transmitted wave height ratio is affected by workpiece thickness. 
The experimental results show a larger influence from the workpiece thickness than our theoretically results. There 
exists some possibility that the surface roughness of the die or the workpiece has affected the experimental results.  
As shown in these results, the reflected/transmitted waves are most affected by the properties of the workpiece. 
However, the reflected waves seem to be more sensitive to the workpiece properties than the transmitted waves. If 
a small flaw exists near the workpiece, the effect of the workpiece and flaw will be included in the reflected wave. 
Therefore, the transmitted wave is most suitable to measure the contact states between the workpiece and the die. 
4. Conclusions  
The authors have theoretically analyzed the propagation of ultrasonic waves around the boundaries of 
workpieces and dies using the finite-difference time-domain method. The reflected/transmitted waves are shown to 
be affected by the properties of the workpiece. The reflected waves are most affected by the properties of the 
workpiece.  
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